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Aim. Selection of the optimal scaffold for the creation of tissue engineering constructs is a key challenge of bio-
technology. In this study we investigated the biocompatibility of human adipose derived mesenchymal stromal cells
(MSCs) within the three-dimensional matrices based on the chitosan with a different degree of deacetylation.Me-
thods. MSCs were seeded on the chitosan scaffolds by a perfusion method and cultured for 7 days. The morphology,
viability, metabolic activity and distribution of the cells within the matrices were analyzed. Results. The level of
MSCs adhesion to the surface of the chitosan scaffolds with low degree of deacetylation (67 %) was insignificant, the
cells were round and formed aggregates. In the chitosan scaffolds with a high degree of deacetylation (82 %) the
cells attached to the surface of matrices, were able to spread and proliferate. Conclusions. The chitosan scaf-
folds with a high degree of deacetylation and the human adipose derived MSCs can be used for the creation of
bioengineered structures.
Keywords: chitosan scaffolds, adipose derived mesenchymal stromal cells, tissue engineering, degree of de-
acetylation.
Introduction. The tissue engineering opens new possi-
bilities for the elaboration of autologous tissue bioequi-
valents based on the scaffolds of natural or synthetic ori-
gin, seeded with the patient’s cells [1]. Themost promi-
sing cellular component of bioengineering tissues is the
mesenchymal stromal cells (MSC) due to their ability to
in vitro expanse and undergo the directed multilineage
differentiation [2].
The adipose tissue is an alternative source of MSC
similar to the bone marrow; its advantages are a high
content of the progenitor cells of the mesenchymal lines
and a possibility of their obtaining in the amounts, suffi-
cient for the transplantation, with the minimal painful-
ness of tissue retrieval [3].
The key task in the elaboration of bioengineering
constructions is the selection of the most suitable mate-
rials and three-dimensional scaffolds, created on their ba-
sis, which would allow the realization of the main func-
tional characteristics of MSC in case of three-dimen-
sional cultivation. Due to the natural origin and chemi-
cal structure, similar to the extracellular matrix, the po-
lysaccharides attract a considerable attention in the ela-
boration of three-dimensional scaffolds [4]. Chitin is
one of the most abundant polysaccharides on earth; it is
a part of the cellular wall of some fungi, the exoskeleton
of insects, mussels, crustaceans and sponges [5]. Chito-
san – a deacetylated derivative of chitin – contains the
links of 2-amino-2-deoxy-glucopyranose and some 2-
acetamido-2-deoxy-glucopyranose rings; herewith the
percentage of the former in the polymer defines the de-
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gree of its deacetylation (DDA). Chitosan exhibits the
immunomodulating, bactericidal, wound-healing, and
haemostatic activities [6, 7]. The degradation of chitosan
in vivo occurs due to the action of lysozyme (1,4-N-ace-
tylmuramidase, EC 3.2.1.17), which is present in the ex-
cretions of lacrimal glands, eardrum, respiratory and gast-
rointestinal tract as well as in lymphocytes, granules of
monocytes andmacrophages. The glucosamines, the end-
products of chitosan disintegration, are neither toxic nor
immunogenic [8].
The prospectivity of chitosan as a biomaterial for tis-
sue engineering is conditioned by the possibility of for-
ming three-dimensional structures of different forms on
its basis (frommicrospheres and gels to fibrous and po-
rous matrices) [9] as well as the possibility of modify-
ing chitosan scaffolds via the introduction of additional
compounds (hydroxylapatite, collagen, cellulose, etc.)
[9, 10]. The mechanic and biological properties of the
chitosan matrices are considerably dependent on the mo-
lecular mass and deacetylation degree of the polysaccha-
ride. It is known that the DDA of the chitosan scaffolds
has a considerable effect on the attachment and morpho-
logy of human dermal fibroblasts and keratinocytes [11],
rat bone marrow stromal cells [12], murine embryonal
fibroblasts of NIH/3T3 line [13]. Amaral et al. [14] de-
monstrated that the increase in the DDA of the chitosan
scaffolds by 71–95 % led to the increase in the adhesion
of the human osteosarcoma cells, line MG-63, to the
matrices in direct proportion whereas the cells on the
scaffolds with a low DDA (< 70 %) neither spread nor
proliferated. At the same time the adhesion and prolife-
ration of the human adipose derived mesenchymal stro-
mal cells on the chitosan matrices with different DDA
were not investigated.
Themorphological features, metabolic activity and
distribution of the adipose derivedMSC during the cul-
tivation in the three-dimensional matrices on the basis of
the crab shell chitosan with different degrees of deacety-
lation are considered in the paper.
Materials and methods. The production of three-di-
mensional scaffolds on the basis of chitosan. Two vari-
ants of porous three-dimensional scaffolds were used:
1. The porous scaffold (PS) on the basis of the com-
mercial chitosan preparation from the crab shell with
the deacetylation degree of 82 % (PSC-82) (Mm = 200
kDa, «CJSC Bioprogress», Russian Federation);
2. PSs on the basis of the crab shell chitosan with the
deacetylation degree of 67% (PSC-67) (Mm= 200 kDa),
obtained by PhD A. M. Skliar (Sumy State Teacher’s
Training University named after A. S. Makarenko).
The porous spongy scaffolds were obtained by free-
ze-drying 2 % chitosan solution, diluted with 1 % vine-
gar acid. The method of coprecipitation of chitosan and
the vinegar acid in 1.25MNaOHwith subsequent free-
ze-drying of the obtained gel was used to form the three-
dimensional scaffolds. The obtainedmaterials were used
to produce discs (diameter 4 mm, thickness 2 mm) using
the Biopsy punch («Stiefel», Germany).
The research on the physical and chemical proper-
ties of the chitosan-based scaffolds: T h e i n f ra r e d
s p e c t r a of the materials were obtained using the in-
frared spectrometer Spectrum One («Perkin Elmer»,
USA). Prior to the measurements the samples were mi-
xed with KBr («Sigma-Aldrich», USA) and pressed in-
to a solid tablet.
T o s t u d y t h e s t r u c t u r a l s p e c i f i c i t i e s
of the obtained three-dimensional matrices we conduc-
ted gold sputtering of the cross section in the vacuumuni-
versal post (VUP-5) with subsequent visualization of the
surface using the scanning electron microscope REM-
102 («JSC Selmi», Ukraine).
The obtaining and cultivation of the adipose derived
MSC. The adipose tissue was obtained in the course of
lipectomy of adult patients in compliance with the re-
commendations of the World Medical Association’s De-
claration of Helsinki on Ethical Principles for Medical
Research Involving Human Subjects and the require-
ments of the Bioethics Commission of the Institute for
Problems of Cryobiology and Cryomedicine of the NAS
of Ukraine after obtaining the written informed consent
of the donors.
The adipose derivedMSCwere obtained according
to the previously described method [15]. After that the
solution of collagenase type II («Sigma», USA) was in-
troduced in the ratio 1:3 into the adipose tissue frag-
ments, and their suspension was incubated for 1 h at 37
°C with constant shaking at 200 rpm. The obtained sus-
pension was centrifuged at 1000 rpm for 20 min. The
precipitate was resuspended in 10 ml of Hank’s solu-
tion and filtered through the blood substitutes transfu-
sion set. The detritus-free suspension was centrifuged
at 1500 rpm for 10 min. The obtained precipitate was a
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stromal-vascular fraction of the adipose tissue, contai-
ning MSC.
The cultivation of MSC was conducted in-MEM
medium («Sigma»), complemented with 10 % fetal bo-
vine serum («PAA», Austria), 2 mM L-glutamine, 50 u/
ml penicillin and 50 µg/ml streptomycin at 37 °C, 5 %
CO2 and 95%humidity. After reaching 70% confluence
the culture was passaged by the standard method using
the solution of trypsin (0.25 %) and versene (0.05 %) in
the ratio 1:4.
The suspension of the unattached cells was seeded in
the ratio 1:3. The cells of the 4th and 5th passages were
used in the research.
The seeding of scaffolds. Prior to the seeding the chi-
tosan discs were placed in 70 % ethyl alcohol for 24 h
with subsequent washing in Hank’s solution. The see-
ding of scaffolds was conducted by the perfusion me-
thod, previously elaborated in our laboratory [16]. The
procedure required two 1ml syringes, connected by the
elastic plastic tube. One syringe contained the chitosan
scaffold and the other syringe had 300 µl of the cell sus-
pension (1–1.2 10
6 cells/ml); the successive reciproca-
ting movements of the plungers were used for slow satu-
ration of the cells. Then the constructions with the cells
were incubated in the syringe for 3 h at 37 °C, and trans-
ferred into the well of the 24-well plate, containing 1ml
of the cultivation medium.
The estimation of the metabolic activity of MSC using
Alamar Blue. The Alamar Blue (AB, «Serotec», Germa-
ny), which reflects an integral level of the redox proces-
ses in cells, was used to estimate the metabolic activity
of MSC, seeded into the three-dimensional scaffolds.
For this purpose after 24 h of the cultivation the matri-
ces, seeded with the cells, were transferred to the 24-
well plate with the cultivation medium, containing 10 %
AB, and incubated in these conditions for 3 h at 37 °C.
Then the mediumwas isolated to determine the level of
AB reduction using the tablet spectrofluorometer Tecan
GENios (Austria) with the wave of excitation of 550 nm
and the wave of emission of 590 nm. The data were
presented as the average value of the ratio of the experi-
ment (matrices with the cells) and the control (matrices
without the cells) samples and expressed in the form of
the relative fluorescence units (RFU). The level of AB
restoration was determined in the similar way after 7
days of cultivation.
The estimation of the morphology and distribution
of the viable cells in the scaffolds. The biomicroscopy
and the analysis of the azure and eosin stained prepara-
tions of cell cultures were conducted using the CETI in-
verted-stage microscope (Belgium), equipped with the
Nikon CoolPix 4500 digital camera. The MTT indicator
was used in the visualization and integral estimation of
MSC distribution in the scaffolds. The principle of its
work is based on the ability of the mitochondrial dehyd-
rogenases to restore the yellow salt of 3-[4,5-dimethyl-
thiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
to the insoluble crystals of dark purple formazan, accu-
mulated in the cytoplasm of the living cells. For provi-
dingMTT-test, on the 7thday of the cultivation the scaf-
folds, seeded with the cells, were incubated in the me-
dium, complemented with MTT solution («Sigma», 5
mg/ml) for 3 h at 37 °C. Then the mediumwas removed
and the scaffolds were transferred into Hank’s color-
less saline solution and investigated with theMBS-9 ste-
reomicroscope (USSR).
The statistical processing. The estimation of the nor-
mality of the obtained results was conducted using Sha-
piro-Wilk test. As the data distribution differed from the
normal one, they were expressed in the form of the me-
dian and percentiles (25 and 75). The estimation of diffe-
rences between samplings was conducted using One-
Way ANOVA test and Kruskal-Wallis test. The results
were deemed significantly different at p < 0.05.
Results and discussion. The research on the chito-
san-containing scaffolds (67 and 82 % DDA) using the
infrared spectroscopy method demonstrated that the ab-
sorption bands – 2924, 1318 and 1153 cm–1 (Fig. 1) cor-
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Fig. 1. IR-spectra of the chitosan scaffolds: 1 – PSC-82; 2 – PSC-67
respond to chitosan. No significant changes in the chito-
san structure occurred during the formation of the three-
dimensional matrices.
The evaluation of structural features of the three-di-
mensional matrices with REM showed that regardless
of the external similarity of the obtained scaffolds, their
microarchitecture was considerably different depending
on the deacetylation degree of chitosan (Fig. 2).
For instance, the structure of PSC-82 (Fig. 2, A) was
less dense, contained a considerable amount of pores,
the walls of which were formed with thinner threads
compared with PSC-67 (Fig. 2, B).
The chitosan-based matrices were seeded with the
human adipose derivedMSC of passages 4–5 in the con-
centration of 3  10
5 cells/scaffold using the perfusion
method. The viability and metabolic activity of the cells
within the sponges were estimated on the 1st and 7th days
of cultivation using AB-test (Fig. 3). Depending on the
type of the scaffold the fluorescence values of the re-
duced ABwere considerably different as early as 24 h af-
ter the cultivation.
The fluorescence intensity of the AB reduction pro-
duct in the PSC-67 group was 0.9943 RFU and did not
differ from the control (background) values. Conver-
sely, in PSC-82 this index was twice higher and amoun-
ted to 1.9507 RFU. The data, obtained on the 1st day of
the cultivation, are likely to reflect the adhesive proper-
ties of the three-dimensional matrices. It is known that
the realization of the biological potential of the substra-
te-dependent cells, including MSC, directly depends on
their adhesion and the degree of spreading on the subst-
rate, therefore, a low level of AB reduction in the PSC-
67 group may testify to the absence of full-scale adhe-
sion of the cells to thematrix surfaces of this type. Inde-
ed, the microscopy research demonstrated that MSC on
the surface of PSC-67 pores retained their round form.
In the PSC-82 group the cells attached and spread on the
surface of the chitosan matrices which explains the hi-
gher level of fluorescence for the reduced AB.
The level of AB reduction did not change with the
further three-dimensional cultivation of the adipose de-
rived MSC in PSC-67. At the same time the fluores-
cence intensity of AB during the cultivation of the adi-
pose derived MSC in PSC-82 increased by 23 % on the
7th day relative to one day of the cultivation. Taking into
consideration the fact that AB is an integral index of the
activity of redox enzymes, the significant increase in
the level of its reduction in the process of cultivation tes-
tifies to the cells retaining their metabolic activity and
also is an indirect reflection of their proliferation du-
ring the three-dimensional cultivation.
The data obtained were proven during the research
on the MSC distribution in the matrices using the MTT
metabolic activity index for the cells (Fig. 4). It was es-
tablished that MSC, seeded in PSC-67, were not spread
but rather formed the aggregates of different sizes on the
matrix surface (Fig. 4, A). Conversely, the adipose deri-
ved MSC, cultivated in PSC-82, were distributed along
the whole volume of the scaffold, which was proven by
the even dark purple coloring (Fig. 4, B).
Themicroscopic research demonstrated that the cells,
seeded in PSC-82, were well spread and had the typical
fibroblast-like morphology (Fig. 5).
The results of this work demonstrate that the adhe-
sion, morphology and proliferation of the adipose deri-
ved MSC are considerably dependent on the specific
properties of thematrices, produced of the crab shell chi-
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Fig. 2. REM of scaffolds on the basis of chitosan: A – PSC-82; B –
PSC-67
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Fig. 3. The metabolic activity of MSC at the three-dimensional culti-
vation in the chitosan scaffolds, estimated by the level of AB reduc-
tion; *p < 0.05 relative to day 1; #p < 0.05 relative to PSC-67
tosan. The properties of the chitosan scaffolds are known
to depend on the molecular mass, the deacetylation de-
gree, the crystallinity index for chitosan and themethod
of sample preparation [7, 9]. The key parameter, deter-
mining the solubility, viscosity, electrostatic indices and
biodegradation rate of chitosan, is the deacetylation de-
gree [11–14, 17].
In their works Amaral et al. [12] demonstrated that
the murine embryonic fibroblasts of NIH/3T3 line were
attached and spread with the formation of long filopo-
dia and numerous intercellular contacts on chitosan scaf-
folds with a high DDA (85–90 %) but they had a round
form and formed spheroid aggregates on the matrices
with a lower DDA (75–85%). In this research the adipo-
se derived MSC also retained their round form during
the three-dimensional cultivation in vitro in PSC-67, but
they were characterized by their normal fibroblast-like
morphology in the chitosan scaffolds with the DDA
82%. These discrepancies between the results obtained
byAmaral et al. [12] and our datamay be conditioned by
both the source of chitosan (the squid shell in the first
case and the crab shell – in the second one) and the spe-
cificities of the cultivated cells. Notably the structure of
PSC-82 allowed for the even full-blast spreading of the
adipose derived MSC in the scaffold, whereas in PSC-
67 the cells formed large spherical aggregates on the
surface.
Chatel et et al. [11] demonstrated that the adhesion
and growth of cells on the chitosan matrices depend on
the DDA of the polysaccharide and directly on the type
of the cells. For instance, the keratinocytes were better
attached and proliferated on the surface of the chitosan
scaffolds with a high DDA ( 85 %), whereas the fib-
roblasts were not capable of any proliferation. The re-
sults of our investigations demonstrated that the adipo-
se derived MSC were capable of both adhesion and the
active proliferation in PSC-82. In case of PSC-67 the
degree of cell adhesion to the surface of sponges was
decreased which had a negative effect on the metabolic
activity and proliferative capability of MSC. These re-
sults are in agreement with the data, obtained for themu-
rine embryonic fibroblasts, line NIH/3T3 [17], which
demonstrated that the biocompatibility of chitosan in-
creases with the increase of the DDA. The chitosan with
a higher deacetylation degree might have more cation
sites, which provide for the attachment of the cells with
negatively charged surface via the non-specific electro-
static interaction.
Conclusions. The data obtained confirm the pro-
spectivity of the application of chitosan sponges with a
lowmolecular mass and a high DDA as the scaffolds for
elaborating some bioengineering constructs, used in the
pharmacology as well as in the reconstructive and cos-
metic plastic surgery.
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Fig. 4. TheMSC dist-
ribution in the scaf-
folds after 7 days of
cultivation: A – PSC-
67; B – PSC-82;
MTT- test. 10
Fig. 5. TheMSCmorphology in PSC-82, 7 days of cultivation. The stai-
ning with azure and eosin. 100
Àäãåç³ÿ òà ïðîë³ôåðàö³ÿ ìåçåíõ³ìàëüíèõ ñòðîìàëüíèõ êë³òèí
æèðîâî¿ òêàíèíè ó õ³òîçàíîâèõ íîñ³ÿõ ç ð³çíèì ñòóïåíåì
äåàöåòèëþâàííÿ
Î. Þ. Ðîãóëüñüêà, Þ. Î. Ïåòðåíêî, Î. Â. Êàë³íêåâè÷,
Î. Ì. Êàë³íêåâè÷, Î. Þ. Ïåòðåíêî
Ðåçþìå
Âèá³ð îïòèìàëüíîãî íîñ³ÿ êë³òèí äëÿ ñòâîðåííÿ òêàíèííî-³íæå-
íåðíèõ êîíñòðóêö³é – êëþ÷îâà ïðîáëåìà ñó÷àñíî¿ á³îòåõíîëîã³¿.
Ìåòà. Äîñë³äèòè á³îñóì³ñí³ñòü ìåçåíõ³ìàëüíèõ ñòðîìàëüíèõ êë³-
òèí (ÌÑÊ) æèðîâî¿ òêàíèíè ëþäèíè ç îá’ºìíèìè ìàòðèöÿìè íà
îñíîâ³ õ³òîçàíó ç ð³çíèì ñòóïåíåì äåàöåòèëþâàííÿ.Ìåòîäè. Õ³-
òîçàíîâ³ íîñ³¿ çàñåëÿëè ÌÑÊ ïåðôóç³éíèì ìåòîäîì ³ êóëüòèâóâà-
ëè ïðîòÿãîì 7 ä³á. Ïðîâîäèëè àíàë³ç ìîðôîëîã³÷íèõ îñîáëèâîñòåé,
æèòòºçäàòíîñò³, ìåòàáîë³÷íî¿ àêòèâíîñò³ òà ðîçïîä³ëó êë³òèí
ó ìàòðèöÿõ. Ðåçóëüòàòè. Ð³âåíü àäãåç³¿ ÌÑÊ äî ïîâåðõí³ õ³òîçà-
íîâèõ íîñ³¿â ç íèçüêèì ñòóïåíåì äåàöåòèëþâàííÿ (67 %) áóâ íå-
çíà÷íèì, êë³òèíè ìàëè îêðóãëó ôîðìó òà ôîðìóâàëè àãðåãàòè. Ó
ãóáêàõ íà îñíîâ³ õ³òîçàíó ç âèñîêèì ñòóïåíåì äåàöåòèëþâàííÿ
(82 %) êë³òèíè ïðèêð³ïëþâàëèñü äî ïîâåðõí³ íîñ³ÿ, ðîçïëàñòóâà-
ëèñü ³ áóëè çäàòíèìè äî ïðîë³ôåðàö³¿. Âèñíîâêè. Îòðèìàí³ ðå-
çóëüòàòè ñâ³ä÷àòü ïðî ïåðñïåêòèâí³ñòü âèêîðèñòàííÿ õ³òîçàíî-
âèõ íîñ³¿â ç âèñîêèì ñòóïåíåì äåàöåòèëþâàííÿ òà ÌÑÊ æèðîâî¿
òêàíèíè ëþäèíè äëÿ ñòâîðåííÿ á³î³íæåíåðíèõ êîíñòðóêö³é.
Êëþ÷îâ³ ñëîâà: õ³òîçàíîâ³ íîñ³¿, ìåçåíõ³ìàëüí³ ñòðîìàëüí³
êë³òèíè æèðîâî¿ òêàíèíè, òêàíèííà ³íæåíåð³ÿ, ñòóï³íü äåàöå-
òèëþâàííÿ.
Àäãåçèÿ è ïðîëèôåðàöèÿ ìåçåíõèìàëüíûõ ñòðîìàëüíûõ
êëåòîê æèðîâîé òêàíè â õèòîçàíîâûõ íîñèòåëÿõ
ñ ðàçíîé ñòåïåíüþ äåàöåòèëèðîâàíèÿ
Å. Þ. Ðîãóëüñêàÿ, Þ. À. Ïåòðåíêî, Î. Â. Êàëèíêåâè÷,
À. Í. Êàëèíêåâè÷, À. Þ. Ïåòðåíêî
Ðåçþìå
Âûáîð îïòèìàëüíîãî íîñèòåëÿ êëåòîê äëÿ ñîçäàíèÿ òêàíåèíæå-
íåðíûõ êîíñòðóêöèé ÿâëÿåòñÿ êëþ÷åâîé ïðîáëåìîé ñîâðåìåííîé
áèîòåõíîëîãèè. Öåëü. Èññëåäîâàòü áèîñîâìåñòèìîñòü ìåçåíõè-
ìàëüíûõ ñòðîìàëüíûõ êëåòîê (ÌÑÊ) æèðîâîé òêàíè ÷åëîâåêà ñ
îáúåìíûìè ìàòðèöàìè íà îñíîâå õèòîçàíà ñ ðàçíîé ñòåïåíüþ äå-
àöåòèëèðîâàíèÿ.Ìåòîäû. Õèòîçàíîâûå íîñèòåëè çàñåëÿëè ÌÑÊ
ïåðôóçèîííûì ìåòîäîì è êóëüòèâèðîâàëè â òå÷åíèå 7 ñóòîê. Ïðî-
âîäèëè àíàëèç ìîðôîëîãè÷åñêèõ îñîáåííîñòåé, æèçíåñïîñîáíî-
ñòè, ìåòàáîëè÷åñêîé àêòèâíîñòè è ðàñïðåäåëåíèÿ êëåòîê â ìàò-
ðèöàõ. Ðåçóëüòàòû. Óðîâåíü àäãåçèè ÌÑÊ ê ïîâåðõíîñòè õèòîçà-
íîâûõ íîñèòåëåé ñ íèçêîé ñòåïåíüþ äåàöåòèëèðîâàíèÿ (67 %)
áûë íåçíà÷èòåëüíûì, êëåòêè èìåëè îêðóãëóþ ôîðìó è ôîðìèðî-
âàëè àãðåãàòû. Â ãóáêàõ íà îñíîâå õèòîçàíà ñ âûñîêîé ñòåïåíüþ
äåàöåòèëèðîâàíèÿ (82 %) êëåòêè ïðèêðåïëÿëèñü ê ïîâåðõíîñòè íî-
ñèòåëÿ, ðàñïëàñòûâàëèñü è ïðîëèôåðèðîâàëè â ïðîöåññå êóëüòèâè-
ðîâàíèÿ. Âûâîäû. Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóåò î
ïåðñïåêòèâíîñòè èñïîëüçîâàíèÿ õèòîçàíîâûõ íîñèòåëåé ñ âûñî-
êîé ñòåïåíüþ äåàöåòèëèðîâàíèÿ è ÌÑÊæèðîâîé òêàíè ÷åëîâåêà
äëÿ ñîçäàíèÿ áèîèíæåíåðíûõ êîíñòðóêöèé.
Êëþ÷åâûå ñëîâà: õèòîçàíîâûå íîñèòåëè, ìåçåíõèìàëüíûå ñòðî-
ìàëüíûå êëåòêè æèðîâîé òêàíè, òêàíåâàÿ èíæåíåðèÿ, ñòåïåíü
äåàöåòèëèðîâàíèÿ.
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